Abstract. Tissue plasminogen activator (TPA) showed brainprotective activity within the first 15 min after cerebral ischemia in rats. To understand its molecular mechanism, TPA derivates were intracerebroventricularly administered at 15 min before, and 15, 90, 120 min after middle cerebral artery occlusion (MCAO) in rats. The reduction in mortality and cerebral infarction at 24 h was seen only with TPA administered at 15 min after MCAO. The down-regulation of endogenous TPA by the intracerebroventricular injection of TPA was found to be responsible for the protective effect on the integrity of blood-brain barrier after MCAO, as well as for the reduction in mortality and cerebral infarction. Moreover, for the first time we have found that the Kringle-2 domain is essential for the brain-protective activity of TPA.
Introduction
Currently, tissue plasminogen activator (TPA) is the only thrombolytic agent approved to treat acute ischemic stroke. Because of the considerable risks of cerebral hemorrhage, edema and excitotoxicity (1) (2) (3) , TPA must be used within 3 h of the onset of symptoms (4) . As a multi-domain serine protease, TPA consists of a finger (F), epidermal growth factor-like (G), two Kringle (K1, K2), and C-terminal serine protease (P) domains. Alteplase is the full-length recombinant human TPA, while reteplase (K2P) is the domain deletion mutant comprising only the Kringle-2 domain and protease domain of TPA (5).
After cerebral ischemia, endogenous TPA activates the LRP/NF-κB/MMP-9 pathway (6) and platelet-derived growth factor-CC (PDGF-CC) (7) to increase blood-brain barrier (BBB) permeability, which raises the risk of a haemorrhage in the brain. In pathological conditions, TPA is expressed immediately by neuronal activation (8) . Plasmin generated by TPA digests laminin in extracellular matrix to induce neuron death (9) . Exogenous TPA injected into the brain increases neuronal damage in TPA knockout mice (10) which are resistant to kainate-induced excitotoxic injury (2) . TPA directly cleaves the NR1 subunit of the N-methyl-D-aspartate (NMDA) receptor complex and causes excitotoxicity in neurons (11) . TPA also mediates microglial activation in cerebral ischemia via an interaction between its finger domain and annexin II (12) .
It is generally accepted that TPA causes brain damage in strokes. However, brain protective effects of TPA have also been reported (13) (14) (15) (16) (17) . An intracerebroventricular (icv) injection of TPA within 15 min after cerebral ischemia in rats has brainprotective effects independent of its plasminogen activator property (13) (14) (15) . TPA attenuates zinc-induced cell death through the non-proteolytic function (15, 16) . The mechanisms of this brain-protective effect are not fully understood.
TPA is also considered as a neuromodulator to regulate the homeostasis of neurovascular units in strokes (18) . TPA induces the BBB opening through PDGF-CC (7, 19, 20) , and leads to dose-dependent activity on vascular contractility in cerebral ischemia (21, 22) .
In the present study, we found that the Kringle-2 domain (residues 176-262) of TPA is the essential structure required for the brain-protective activity of TPA, employing the rat middle cerebral artery occlusion (MCAO) model. The reduction in endogenous TPA by the icv injection of exogenous TPA was found to be responsible for protecting the integrity of BBB after MCAO, and therefore reduces mortality and cerebral infarction.
Materials and methods

Materials.
Alteplase, reteplase and plasmin were obtained from Genentech (San Francisco, CA) and Sulan Bio-Pharma (Suzhou, China), respectively. Reteplase is a mutant form of TPA which only has Kringle-2 and serine protease domain (P). The isolated Kringle-2 and P of TPA were prepared from reteplase in our laboratory. Plasminogen was purified from rat plasma using lysine-Sepharose 4B (Amersham Pharmacia Biotech, Uppsala, Sweden). Erythrina trypsin inhibitor (ETI)-Sepharose was prepared by conjugating ETI to cyanogen bromide activated Sepharose 4B, and was used to purify reteplase.
Preparation of Kringle-2 and P domain of TPA. Kringle-2 and P were purified as described previously (23) , digesting reteplase by plasmin at Arg275-Ile276 (24) . Reteplase (2 mg/ml) was incubated with 2 μg/ml rat plasminogen in the digest buffer (0.7 mol/l Arg in PBS, pH 8.0) at 37˚C overnight. Reaction mixture was then reduced with dithiothreitol (DTT, 0.5 mmol/l) at room temperature for 2 h, and subsequently oxidized with H 2 O 2 (0.1 mmol/l) at room temperature for 1 h. After the reaction was terminated by dialysis against the digest buffer, the mixture was applied to an ETI-Sepharose column to isolate the P domain. The flow-through was dialyzed against NH 4 Ac (100 mmol/l, pH 6.4), and then applied to lysine-Sepharose 4B. The P and Kringle-2 domain were eluted from the columns and dialyzed against PBS (pH 7.4), respectively. Their purities were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Kringle-2 and P were filtrated with 0.22-μm filter (Millipore, Bedford, MA, USA) before injection.
Experimental model of MCAO in rats. All animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Institute of Molecular Medicine, Nanjing University. As previously described (25) , male Sprague-Dawley rats (Qinglongshan, Nanjing, China) weighing 300-320 g were subjected to MCAO for 2 h, and then sacraficed at 3, 12 and 24 h after the initial MCAO. After MCAO (24 h), brains were cut into 2-mm thick coronal sections through matrix (Stoelting, Wood Dale, IL, USA), and stained in isotonic PBS (pH 7.4) containing 2% triphenyltetrazolium chloride (TTC, Sigma, St. Louis, MO, USA) at 37˚C for 30 min. Total infarct volumes were calculated with a computer-assisted image analysis and corrected for edema (26) .
Effect of TPA derivates on the survival rates and infarction in MCAO rats. After the procedure of MCAO, the rat was mounted on a stereotaxic apparatus (Stoelting, Wood Dale, IL). The test agent (2.5 μl) was icv-injected using a 5-μl Hamilton micro-syringe (Reno, NV) controlled with a Stoelting microsyringe pump (Wood Dale, IL). The micro-syringe was carefully removed 3 min after injection. At first, four groups of rats were icv injected with 40 pmol of reteplase at 15 min before and 15, 90, 120 min after MCAO, respectively. The control group was icv injected with PBS at 120 min after MCAO. Secondarily, at 15 min after MCAO, five groups of rats were icv-injected with 40 pmol of alteplase, reteplase, Kringle-2, P, plasmin and PBS, respectively. All rats were observed for total 24 h, in which they were ischemic for the first 2 h and then immediately reperfused for the remaining 22 h. At 24 h, the survival rates were evaluated and the infarct volumes were measured with 2,3,5-triphenyltetrazolium chloride staining (14) .
Gene expression of NF-κB and MMP-9 in the brain after MCAO.
At 24 h after MCAO, the rat brain was removed. The ischemic hemisphere was then isolated, quickly frozen by liquid nitrogen and stored at -80˚C. Total RNA of the ischemic hemisphere was prepared with Trizol (Shinegene, Shanghai) and reverse transcribed to cDNA using the Shinegene Firststrand Synthesis Kit (Shinegene, Shanghai). mRNA of MMP-9 and NF-κB were measured in the ipsilateral ischemic hemisphere using semi-quantitative RT-PCR (6). The NF-κB primer named NF-κB (p65) and two sets of MMP-9 primers named MMP-9 (1254) and MMP-9 (732) were used in the experiment (Table I) . ß-actin was also measured as an internal control. The Bio-Rad Gel Doc 2000 system was applied to image acquisition and analysis.
Zymography assay for endogenous TPA activity in the brain. The endogenous TPA activities in the ipsilateral ischemic hemisphere were measured using casein-zymography as previously reported (27) . Briefly, the rat brain was removed and cut into 2-mm thick coronal sections through the matrix. The ipsilateral sides (-2-0 mm posterior from bregma) were homogenized and centrifuged in a 10-fold volume lysis buffer (50 mmol/l Tris-HCl, 150 mmol/l NaCl, 1% v/v Triton X-100, Table I . Primers for semi-quantitative RT-PCR. 
mRNA of MMP-9 and NF-κB was measured in the ipsilateral ischemic hemisphere using semi-quantitative RT-PCR. ß-actin was measured as an internal control.
-
The supernatant was obtained to determine the protein concentration and used for SDS-PAGE zymography. Rats were icv-injected with 40 pmol of reteplase at -15, 15, 90 and 120 min and PBS at 15 min after MCAO, respectively. Rats in every injection group were then sacraficed at 3, 12 and 24 h following MCAO, respectively. The sham-operation with no MCAO was performed on rats as control.
Assay for BBB permeability after MCAO. The BBB integrity was determined by fluorescence of Evans blue extricated from brain tissue as previously described (28) . Evans blue was injected intravenously (2% in saline, 4 ml/kg body weight) at 5 h after MCAO. Rats were euthanized at 24 h after MCAO, and then transcardially perfused with 250 ml heparinized 0.9% saline, at 110 mmHg pressure. The ischemic hemisections were weighted and homogenized in an 8-fold volume 50% trichloroacetic acid for 30 sec. After centrifugation, the extravasations were diluted with ethanol (1:3), and the fluorescence was measured by a microplate fluorescence reader (excitation at 620 nm and emission at 680 nm, Synergy HT). Evans blue at concentration from 50 to 500 ng/ml was added to the homogenates as standards (29) .
Statistical analysis. Survival rates of animals were compared by the ¯2 test. Other results were expressed as the means ± standard error of the mean (SEM). Differences between groups were determined by one-way analysis of variance (ANOVA). The statistical significance was set at P<0.01.
Results
Isolation of Kringle-2 and P domain of TPA.
Reteplase is a bacterially expressed TPA deletion mutant comprising residues 176-527 of native TPA (5). It was used as the initial material to produce the Kringle-2 and P domain of TPA because of its structural simplicity (Fig. 1B) . In the reaction system, plasminogen was activated to plasmin by reteplase, and then reteplase was completely cleaved by plasmin into a two-chain form (Fig. 1A, Lane 2) , which is composed of Kringle-2 and P domain linked by a disulfide bond. Subsequently the interchain disulfide bond was reduced by 0.5 mmol/l DTT, leaving the intra-chain disulfide bonds unaffected. Finally, Kringle-2 (10 kDa) and P (30 kDa) were purified using ETI-and lysineSepharose 4B affinity chromatograph (Fig. 1A, Lanes 3 and 4) . The full biological activity of purified Kringle-2 and P were recovered, as the denatured protein did not bind to lysine-or ETI-Sepharose 4B (23) .
Confirmation of the brain-protective effect of TPA using reteplase in MCAO rats. Rats were divided into four groups with injection of reteplase at different time points. The brainprotective effect of TPA was only found at 15 min after MCAO. As shown in Table II and Fig. 2 , the reduction in mortality and cerebral infarct volume at 24 h were seen only in groups with an icv injection of reteplase at 15 min after MCAO (P<0.01). This is consistent with previous reports on alteplase (full-length TPA) (13) and its non-protease mutant S478A-TPA (13,14) . Interestingly, reteplase administrated at 15 min before cerebral ischemia had no brain-protective effect. Figure 1 . Purification of Kringle-2 and P domain. Reteplase was digested by plasmin, and then reduced by DTT (0.5 mmol/l). The product was isolated by ETI-and lysine-Sepharose to obtain P and Kringle-2, respectively. A. Characterization of TPA derivates by SDS-PAGE. Lane 1, reteplase; 2, reteplase digested by plasmin; 3, Kringle-2 purified by lysine-Sepharose; 4, P purified by ETI-Sepharose. B. Structure of TPA derivates. 
Table II. Survival rate (24 h) of MCAO rats with icv injection of reteplase at different time points (20 rats for each time point). -------------------------------------------------PBS Reteplase -------------------------------------------------
(24 h) -------------------------------------------------
Four groups of rats were icv-injected with 40 picomoles of reteplase at 15 min before and 15, 90, 120 min after MCAO, respectively. Control group was icv-injected with PBS at 120 min after MCAO. An increase in thesurvival rate was seen only in the group with an icv injection of reteplase at 15 min (P<0.01, N=20). There is no SEM presented, since survival rate was analyzed in one research center. 
-------------------------------------------------
Characterization of Kringle-2 as the structural determinant for the brain-protective effect of TPA in cerebral ischemia.
With an icv injection at 15 min after MCAO, Kringle-2 had the best protective effect in comparison with alteplase and reteplase (Table III, and Fig. 3 ). In contrast, P and plasmin did not reduce infarction, but caused more death than the PBS controls. This suggests that the protease activity of TPA negatively affects the ischemic brain. The effects of plasminogen Kringle domains were excluded using angiostatin (Kringle 1-4 of plasminogen/plasmin, data not shown). Therefore, the Kringle-2 domain appeared to be the structural determinant of TPA for its protective effect in cerebral ischemia.
Additionally, reteplase showed a better protective effect than alteplase. This suggests that F, P, or K1 domain in TPA diminishes the brain-protective effect. It was reported previously that the Finger domain of TPA can activate microglial cells and increase brain damage after a stroke (12) , and excitotoxic effect of TPA resulted from its proteolytic activity.
Down-regulation of gene expression of NF-κB and MMP-9 by reteplase in the brain after MCAO.
Since NF-κB and MMP-9 expression were induced by TPA via LRP and thereby increased the BBB permeability (6), we investigated their expression by semi-quantitative RT-PCR. The gene expression Table III . Survival rate (24 h) of MCAO rats with icv injection of TPA derivates at 15 min after MCAO (20 rats per groups). ---------------------------------------------------------------------------------------------------- At 15 min after MCAO, five groups of rats were icv-injected with 40 pmol of alteplase, reteplase, Kringle-2, P and PBS, respectively. Reteplase and Kringle-2 showed better protective effect than alteplase. (P<0.01, n=20 ). There is no SEM presented, since the survival rate was analyzed in one research center.
-----------------------------------------------------------------------------------------------------Agent of injection ---------------------------------------------------------------------------PBS Alteplase Reteplase Kringle-2 P -----------------------------------------------------------------------------------------------------
- ----------------------------------------------------------------------------------------------------Figure 3 . Infarction evaluation of MCAO rats after treatment of TPA derivates. At 15 min after MCAO, rats were icv-injected with 40 pmol of alteplase, reteplase, Kringle-2, P, plasmin, and PBS, respectively. After 24 h, the brain was stained with 2,3,5-triphenyltetrazolium chloride and the infarction volume was calculated. A. Infarct volumes of PBS, alteplase, reteplase, Kringle-2, P, and plasmin treatment groups at 15 min after MCAO. TPA derivates, including alteplase, reteplase and Kringle-2, significantly reduced infarction volume (P<0.01). However, P domain and plasmin had no improvement in infarction. B. Brain sections stained by triphenyltetrazolium chloride. Non-infarction area was stained red, while the infarction area appeared white. n=20. Figure 4 . Gene expression of NF-κB and MMP-9 after reteplase treatment. Rats were treated with reteplase at 15 and 120 min, and PBS at 15 min after MCAO, respectively. The sham-operation was performed as control. The mRNA of MMP-9 and NF-κB were measured in the ipsilateral ischemic hemisphere using semi-quantitative RT-PCR, at 24 h after MCAO. Three primers named MMP-9 (1254), MMP-9 (732) and NF-κB (p65) were used in the experiment. The cerebral MMP-9 and NF-κB mRNA were significantly down-regulated in rats treated with reteplase at 15 min than those treated with reteplase at 120 min and PBS at 15 min (P<0.01). n=10.
was expressed as a fold change against the level of the PBS group. The cerebral MMP-9 and NF-κB (p65) mRNA were significantly down-regulated in rats treated with reteplase at 15 min than those treated at 120 min and the PBS controls (P<0.01) (Fig. 4) .
Down-regulation of cerebral endogenous TPA activity by icv injection of reteplase.
Using SDS-PAGE casein-zymography, reteplase (40 kDa) and endogenous TPA (72 kDa) were distinguished based on their molecular weights. Thereby, the cerebral endogenous TPA activity was measured after treatment of reteplase at different time points and expressed as a relative ratio to the sham group. Reteplase icv-injected at 15 min significantly reduced the cerebral endogenous TPA activity at 12 and 24 h after MCAO (P<0.01), while no significant changes were found in the other treatment groups (Fig. 5) .
Reduction in BBB permeability by icv injection of reteplase.
Two groups of rats were icv injected with reteplase at 15 and 120 min after MCAO, respectively. BBB permeability at 24 h after MCAO was compared. Rats treated at 15 min had obviously lower BBB permeability than those treated at 120 min (P<0.01) (Fig. 6) . These data are consistent with the findings of the cerebral endogenous TPA activity shown above.
Discussion
Consistent with previous finding using the full-length TPA (alteplase or S478A-TPA) (14), we found that the protective effect only occurred at 15 min after MCAO with three TPA derivates, including alteplase, reteplase and Kringle-2. To the best of our knowledge, we have identified for the first time that the Kringle-2 domain is the essential structure required for the brain-protective activity of TPA. Interestingly, the protease domain of TPA actually has an adverse effect and causes brain damage. A non-proteolytic TPA mutant (S478A) was previously found also to reduce infarction in ischemic stroke (14) .
Many efforts have been made previously to investigate the mechanisms of the brain-protective effect in the early time of cerebral ischemia. These findings include the non-proteolytic effect of TPA in zinc neurotoxicity (15) and modulation of vascular contractility in cerebral ischemia (21, 22) . Endogenous TPA was repeatedly reported to be elevated after ischemic stroke (30) . We found that icv-injected reteplase at 15 min after MCAO significantly down-regulated the endogenous TPA activity in brain measured at 24 h and thereby reduced BBB permeability. It was reported previously that PDGF-CC activated by endogenous TPA increased BBB permeability and brain hemorrhage (7), and therefore icv-injection of reteplase at 15 min after MCAO may indirectly inhibit PDGF-CC activation. It is unknown whether the reduction in endogenous TPA by exogenous reteplase is due to the increase in clearance or decrease in expression or secretion of endogenous TPA, and why the effect is only observed within 15 min after MCAO. However, the phenomenon is well correlated to the clinical experience that TPA must be used as early as possible (≤3 h) to treat ischemic stroke. It seems that exogenous TPA in brain triggers certain mechanisms to reduce the level of endogenous TPA for at least 24 h via its non-proteolytic Kringle-2 domain at the early time of ischemic stroke. This unknown mechanism seems to only work for a short period of time immediately after stroke, which makes late icv-injection of exogenous TPA useless. TPA is then cleared rapidly in the brain, evidenced by the finding that the injection of reteplase at 15 min prior to MCAO did not affect any experimental observations.
The cerebral MMP-9 and NF-κB (p65) mRNA were found to be significantly down-regulated in rats treated with reteplase at 15 min than those treated at 120 min and controls (Fig. 4) . This confirms the finding that reduction in endogenous TPA by exogenous reteplase given at 15 min after MCAO. TPA can attenuate oxidative stress in cerebral ischemia (15), Figure 5 . Cerebral endogenous TPA activity after icv injection of reteplase. Rats, which were icv injected with reteplase at -15, 15, 90 and 120 min after MCAO, were sacrificed at 3, 12 and 24 h after MCAO, respectively. The endogenous TPA activities in the ipsilateral ischemic hemisphere were measured using casein-zymography method and converted into the relative fold changes against the sham group. Reteplase given by icv injection at 15 min significantly down-regulated the cerebral endogenous TPA activity at 12 and 24 h after MCAO (P<0.01). n=6. Figure 6 . Reduction in BBB permeability after the reteplase treatment. At 24 h after MCAO, the BBB integrity was determined by Evans blue staining. Consistent to the changes in endogenous TPA, the BBB permeability of the rats treated at 15 min was significantly lower than that treated at 120 min (P<0.01). N=20. and oxidative stress related NF-κB expression would be accordingly decreased. It was also reported previously that TPA induced the expression of NF-κB and MMP-9 via LRP and thereby increases BBB permeability (6) . Therefore, less activation of the TPA/NF-κB/MMP-9 pathway also accounted for the brain-protective effect of TPA by icv-injection at 15 min after cerebral ischemia.
The brain-protective activity of TPA was affected by the administration route. The brain-protective effect of TPA was only found in icv-injection rather than intravenous injection (data not shown). This was consistent with a previous study (14) , perhaps because the receptor of TPA/Kringle-2 was located in parenchyma. Unlike plasmin and angiostatin, a number of lysine-binding Kringles, did not have the same brain-protective effect as TPA. This indicates that the effect of Kringle-2 of TPA was unaffected by plasminogen or plasmin.
In conclusion, we have confirmed that TPA was brainprotective within the first 15 min after cerebral ischemia in rats. For the first time, the Kringle-2 domain is identified to be essentially required for the brain-protective activity of TPA. The reduction in endogenous TPA by icv injection of TPA is responsible for the protective effect on the integrity of BBB after MCAO. This finding would be helpful to understand the mechanism of the brain-protective effect of TPA and to develop a new agent to treat ischemic stroke.
